Maintenance of redox homeostasis is critical for the survival of all aerobic organisms. In the budding yeast Saccharomyces cerevisiae, as in other eukaryotes, reactive oxygen species (ROS) are generated during metabolism and upon exposure to environmental stresses. The abnormal production of ROS triggers defense mechanisms to avoid the deleterious consequence of ROS accumulation. Here, we show that the Rho1 GTPase is necessary to confer resistance to oxidants in budding yeast. Temperature-sensitive rho1 mutants (rho1 
INTRODUCTION
Cells growing aerobically are constantly exposed to ROS, which are generated during normal cellular metabolism and upon exposure to oxidants or metals. Although ROS can regulate several intracellular signaling pathways, these molecules can damage DNAs, proteins and lipids.
Thus maintenance of the intracellular redox state is critical for the cellular integrity (FINKEL 2003) . The abnormal production of ROS leads to the induction of defense mechanisms to avoid the deleterious consequence of ROS accumulation, and oxidative stress occurs when cells cannot efficiently neutralize or eliminate ROS. Several studies in the budding yeast S. cerevisiae, including genome-wide expression profiling, have identified many genes whose transcripts or protein levels are elevated or repressed in response to oxidants (COHEN et al. 2002; GASCH et al. 2000; GODON et al. 1998; HE and FASSLER 2005; LEE et al. 1999; MORGAN et al. 1997) . These studies have provided insight into the regulatory responses and the oxidative stress response regulons including the two transcription factors Yap1 and Skn7. However, it is not clear how these gene products function to protect cells from oxidative stress. It is also noteworthy that most genes required for resistance to oxidative stress are not induced in response to oxidative stress (THORPE et al. 2004) . How cells respond to and recover from oxidative stress is thus largely unknown.
The Rho1 GTPase in budding yeast is involved in a number of different signaling events including the cell wall integrity (CWI) pathway, which is activated by various stresses such as heat shock, hypoosmotic shock and nutritional stress (LEVIN 2005; PARK and BI 2007) . Rho1 activates Pkc1, a yeast homologue of mammalian Protein Kinase C, which participates in activating a MAP kinase (MAPK)-activation cascade comprised of a MEKK (Bck1), a redundant pair of MEKs (Mkk1/2), and a MAPK (Mpk1/Slt2) in response to cell wall stresses (HARRISON et al. 2004; KAMADA et al. 1995; LEE and LEVIN 1992) . Rho1 regulates actin organization via the CWI pathway (DELLEY and HALL 1999; HARRISON et al. 2001) and by activating the formin Bni1 (DONG et al. 2003; EVANGELISTA et al. 1997; KOHNO et al. 1996) . Rho1 also regulates 1,3-β-glucan synthesis as a direct regulatory subunit of glucan synthase (encoded by FKS1 and GSC2/FKS2) (DRGONOVA et al. 1996; QADOTA et al. 1996) . A systematic analysis of several high-temperature-sensitive (ts) mutations of RHO1 led to identification of the distinct functional domains of Rho1 -one group of rho1 ts mutants including rho1-2 and rho1-5 is defective in activation of Pkc1, while another group including rho1-3 is defective in activation of glucan synthase (SAKA et al. 2001) . Rho1 exhibits a two-hybrid interaction with Skn7 (ALBERTS et al. 1998) , which regulates the osmotic or oxidative stress response genes (HE et al. 2009 ). It is not clear, however, whether Rho1 or the cell integrity MAPK cascade is activated by oxidative stress.
Cells lacking Rom2, a guanine nucleotide exchange factor (GEF) for Rho GTPases, are hypersensitive to oxidants, suggesting possible involvement of Rho1 or other GTPases in the oxidative stress response (PARK et al. 2005; VILELLA et al. 2005) . Interestingly, another Rho1 GEF Tus1 was shown to interact with Ycf1 (yeast cadmium factor) by a membrane two-hybrid analysis and co-immunoprecipitation (PAUMI et al. 2007 ). Ycf1 is a vacuolar glutathione Sconjugate transporter of the ATP-binding cassette family, and plays an important role in detoxifying metals such as cadmium and arsenite (LI et al. 1997) . Tus1 stimulates Ycf1 transporter activity in a Rho1-dependent manner (PAUMI et al. 2007) . Numerous studies suggest that metals induce oxidative stress in a variety of cell types (ERCAL et al. 2001; VALKO et al. 2005) . For example, cadmium is a non-redox metal that has been shown to induce oxidative stress by increasing ROS indirectly in S. cerevisiae and neurons (BRENNAN and SCHIESTL 1996; CUYPERS et al. 2010; LÓPEZ et al. 2006) . These previous studies provided a potential link between Rho1 and Ycf1, but also raised some important questions. Does Ycf1 act upstream of Rho1 or as a downstream effector of Rho1? Does Tus1 activate Rho1 on the vacuolar membrane? Rho1 localizes to the plasma membrane and to other sites including bud tips, the mother-bud neck and endomembranes (DRGONOVA et al. 1996; MCCAFFREY et al. 1991; QADOTA et al. 1996; YOSHIDA et al. 2009 ), while Ycf1 localizes to the vacuolar membrane (MASON and MICHAELIS 2002; WEMMIE and MOYE-ROWLEY 1997) . Tus1 localizes to the presumptive bud site in unbudded cells and to the mother-bud neck during cytokinesis (KONO et al. 2008; YOSHIDA et al. 2006 ), but has not been observed on the vacuolar membrane.
These remaining questions led us to investigate a possible role of Rho1 under oxidative stress and the potential interaction between Rho1 and Ycf1 in vivo. Here we report that Rho1 is necessary to confer resistance to oxidants and that Rho1 interacts with Ycf1 in a GTP-dependent manner. Our findings thus suggest that Rho1 is involved in reducing ROS in the cell by regulating Ycf1 and other downstream targets.
MATERIALS AND METHODS

Plasmids and yeast strains
Standard methods of yeast genetics and recombinant DNA manipulation were used (AUSUBEL et al. 1999; GUTHRIE and FINK 1991) . Yeast cells were grown under standard growth conditions at 30 o C unless otherwise indicated. Yeast strains used in this study are listed in Table 1 . Details of plasmid constructions are described in Supporting Information, and plasmids used in this study are listed in Table S1 .
Plate assays
The sensitivity of the rho1 ts mutants to paraquat (Sigma-Aldrich) and diethyl maleate (DEM) (Sigma-Aldrich) was determined at 30 o C, as previously described (SINGH et al. 2008) and Figure S1 ), as previously reported (HIGGINS et al. 2002; SINGH et al. 2008) . The sensitivity of the ycf1Δ and rho1-5 mutants to cadmium was tested by making 5-fold serial dilutions starting from OD 600 = 2, followed by plating on SC containing 30 µM CdCl 2 . The plates were then incubated at room temperature for 3 -7 days.
Determination of ROS accumulation
ROS accumulation was monitored indirectly by fluorescence microscopy and flow cytometry, as previously described (SINGH et al. 2008) 
Integrated membrane yeast two-hybrid (iMYTH) analysis
iMYTH assays and construct generation were performed as previously described (PAUMI et al. 2007; SNIDER et al. 2010) . Construction details of the NubG fusions of Rho1 and the TUS1 deletion strains are provided in Supporting Information. THY AP4 MYTH reporter strains, which harbor chromosomally encoded Ycf1 or unrelated control bait fused to the Cub-LexA-VP16 tag at the C terminus, were transformed with plasmids encoding NubG-tagged Rho1 or control constructs. Cells were plated on SC-Trp as a control to show the presence of prey plasmid and comparative growth between strains. The bait-prey interaction was monitored on SC -Trp -Ade -His containing X-Gal.
Fluorescence microscopy and bimolecular fluorescence complementation (BiFC)
Image acquisition of GFP-Rho1 was carried out essentially as previously described (KANG et al. 2001 ) using a Nikon E800 microscope (Nikon, Tokyo, Japan) fitted with a 100X oil-immersion objective (N.A.= 1.30), a Uniblitz electronic shutter, a Prior Z-axis drive, and a Hamamatsu Orca ER cooled charge-coupled device. A series of optical sections were captured at 0.3-µm intervals using Slidebook software (Intelligent Imaging Innovations, Denver, CO) by exposing for 1 sec.
Cells were treated with 1 -2 mM H 2 O 2 for 2 -4 hrs or mock-treated, where indicated, before imaging.
BiFC assays were performed as previously described (KANG et al. 2010; SINGH et al. 2008) with slight modifications. Rho1 was fused to the C-terminal fragment of YFP (YFP C ) at its N terminus, and was expressed from a CEN or 2 µ plasmid (where indicated). Ycf1 was fused to the N-terminal fragment of Venus (VN), a variant YFP (NAGAI et al. 2002) , at its C terminus, and was expressed from its chromosomal locus (see Supporting Information for details of the plasmid and strain construction). To monitor BiFC signals, a single optical section was captured using the YFP filter by exposing cells to UV for 8 sec. Imaging and image processing were performed under identical conditions for all BiFC assays. Where indicated, the vacuolar membrane was visualized by staining cells with FM4-64 for 30 min at room temperature as previously described (VIDA and EMR 1995) . Localization pattern and pixel intensity of the bimolecular fluorescent complex and Ycf1-GFP were analyzed by counting at least 100 cells per experiment from three independent experiments. Image analysis and processing were performed with ImageJ software, and the data are presented as mean ± SD. Statistical significance was determined using Student's t-test.
RESULTS
rho1 ts mutants are hypersensitive to various oxidants
To determine whether RHO1 regulates the cellular response to oxidative stress, we examined sensitivity of the rho1 ts mutants, rho1-2, rho1-3 and rho1-5, to oxidants including paraquat, diethyl maleate (DEM) and hydrogen peroxide (H 2 O 2 ). Paraquat is a superoxide-generating agent (COCHEMÉ and MURPHY 2008) , and DEM is a thiol-specific oxidant that depletes glutathione in the cell (NGUYÊN-NHU and KNOOPS 2002) . Both drugs increase intracellular ROS levels.
Hydrogen peroxide is in itself poorly reactive but can be readily converted to the highly reactive hydroxyl radical upon exposure to UV or by interaction with metal ions (VALKO et al. 2005) .
When serial dilutions of these rho1 mutants were spotted on rich plates containing paraquat or DEM at 30 o C, rho1-3 and rho1-5 were hypersensitive to these oxidants compared to wild type, while rho1-2 exhibited little sensitivity to these drugs ( Figure 1 ). These rho1 mutants also exhibited sensitivity to H 2 O 2 to different extents, with rho1-2 and rho1-5 being particularly Figure S1 , A). Taken together, these results suggest that
Rho1 is necessary to confer resistance to oxidants.
Cells of the rho1 ts mutants exhibit high ROS accumulation
To test whether the hypersensitivity of the rho1 ts mutants to oxidants resulted from its specific defect in maintaining cellular redox balance rather than general sickness, we indirectly monitored the intracellular ROS level using dihydrorhodamine 123 (DHR), which becomes fluorescent rhodamine 123 upon oxidation (HERKER et al. 2004) . When these cells were examined by flow cytometry after adding DHR, we found that a high level of ROS was present in the rho1 mutants even when they were grown at the semi-permissive temperature 30 o C, but not in wild-type cells ( Figure   2B ). These results thus suggest that ROS were not efficiently removed in the cytoplasm of the rho1 ts mutants.
The Pkc1-MAPK pathway may play a minor role under oxidative stress
What is the downstream target of Rho1 that is involved in the oxidative stress response? Since Figure 3A) . Similarly, we found that cells lacking the downstream components of Pkc1, bck1Δ and mpk1/slt2Δ, were also slightly more sensitive to H 2 O 2 than wild type ( Figure 3B ), suggesting that the Pkc1-MAPK pathway may play a minor role in recovery from oxidative stress.
Rho1 interacts with Ycf1 in vivo
Since 
Association of Rho1 with Ycf1 is likely to depend on its GTP-bound state
Next, to determine whether Rho1 interacts with Ycf1 in a GTP-dependent manner, we expressed Figure S3 ). Despite these differences, these data thus suggest that Rho1-GTP interacts with Ycf1.
We hypothesized that the formation of the Rho1-Ycf1 complex would depend on Tus1, which converts Rho1 to the GTP-bound state. To test this idea, we performed BiFC assays in a 
Localization of GFP-Rho1 remains similar, while the Ycf1-GFP level is elevated after exposure to H 2 O 2
We questioned whether localization of the Rho1-Ycf1 bimolecular fluorescent complex indeed indicates the sites at which these two proteins interact with each other in vivo, and how localization of Rho1 and Ycf1 is affected upon exposure to H 2 O 2 . We thus examined localization of Rho1 before and after exposure to H 2 O 2 using a strain, which expressed GFP-Rho1 under its native promoter from the chromosome. Expression of GFP-Rho1 in rho1 ts mutants restored the resistance to H 2 O 2 , although less efficiently than wild type (compare Figure S2 , C to Figure 1 ), indicating that GFP-Rho1 was partially functional. GFP-Rho1 localized to the plasma membrane and to the sites of polarized growth as well as to the vacuolar membrane as expected (Figure 7a ).
This localization pattern of GFP-Rho1 remained similar after exposure to H 2 O 2 , although diffuse signals were also occasionally seen in the vacuolar lumen in some cells (Figure 7b ). Thus, Rho1
is likely to interact with Ycf1 on the vacuolar membrane where the two proteins co-localize, and localization of GFP-Rho1 is mostly unaffected by H 2 O 2 .
We next examined localization of Ycf1-GFP, which was expressed from the YCF1 chromosomal locus. While Ycf1-GFP localized to the vacuolar membrane similarly before and after exposure to H 2 O 2 ( Figure 8A ), the mean pixel intensity of the vacuolar membrane increased from 59.2 ± 18.8 to 71.6 ± 30.1 (in a. u.) after H 2 O 2 treatment ( Figure 8B ). Indeed, these rho1 mutants were sensitive to CdCl 2 to different extents ( Figure 9A ), and the pattern of the differential sensitivity was similar to those seen for paraquat and DEM (see Figure   1 ). Figure S1 , B). In addition, when the rho1-5 and ycf1Δ mutations were combined, the double mutant was slightly more sensitive to H 2 O 2 than rho1-5
( Figure 9C ). Taken together, these observations thus suggest that Ycf1 contributes to resistance to both metals and oxidants, although loss of YCF1 alone does not result in hypersensitivity to Figure S3) . Indeed, Rho1 is also involved in vacuole membrane fusion (EITZEN et al. 2001; LOGAN et al. 2010) . It might also correspond to the intrinsic difference between the GTP-locked Rho1 and the GTP-bound Rho1, which can cycle back to the GDP-bound state, with respect to their association with Ycf1.
Although fewer cells exhibited BiFC signals with Rho1 Q68L than with the wild type, this is likely due to the sickness of cells expressing Rho1 Q68L (NONAKA et al. 1995 SHARMA et al. 2002) . It is also possible that these puncta reflect the coalescence of the Rho1-Ycf1 bimolecular fluorescent complexes after exposure to H 2 O 2 . Ycf1-GFP also appeared as one or two dots on the vacuolar membrane, which are thought to be multivesicular bodies (MVBs) (C. Paumi, unpublished observation), in addition to the vacuolar membrane, but these puncta did not particularly increase upon exposure to H 2 O 2 (see Figure 8 ). suggest that the Rho1-Ycf1 interaction is significant to confer resistance to both metals and oxidants. The differential sensitivity of the rho1 ts mutants to paraquat and DEM is correlated with their sensitivity to cadmium (see Figures 1 and 9A) , which is well established as an inducer of oxidative stress in various cell types including yeast (BRENNAN and SCHIESTL 1996) . A ycf1 deletion confers an increased sensitivity of a rho1 ts mutant to H 2 O 2 (see Figure 9C ).
While the interaction between
The unique response of each rho1 ts mutant to various oxidants also suggests that the hypersensitivity to oxidants is unlikely due to the general sickness of the rho1 mutants. This observation is consistent with the idea that different oxidants may trigger cellular responses by distinct mechanisms, as previously suggested (THORPE et al. 2004) . Hydrogen peroxide is an uncharged species (unlike superoxide, O 2 -) that penetrates membranes freely (IMLAY 2008) .
While other oxidants such as diamide may affect the cell wall, H 2 O 2 seems to affect the intracellular function (VILELLA et al. 2005) . We found that the rho1-2 and rho1-5 mutants, which are specifically defective in Pkc1 activation (SAKA et al. 2001 ), were particularly hypersensitive to H 2 O 2 , but their sensitivities to other oxidants were opposite. Thus their hypersensitivity to H 2 O 2 could be in part due to the defect in Pkc1 activation, but the role of the Pkc1-MAPK pathway in response to other oxidants seems less clear.
The bck1Δ and mpk1/slt2Δ mutants as examined here were mildly sensitive to H 2 O 2 . This is consistent with a previous report (STALEVA et al. 2004) , but differs from another study, which indicated that the bck1 and mpk1 mutants were not sensitive to H 2 O 2 and diamide (VILELLA et al. 2005) . None of the pkc1 mutants that we tested exhibited such severe sensitivity to H 2 O 2 , unlike the report by Vilella et al. (2005) . This discrepancy might be due to the different PKC1 alleles and the strain background. It is not clear whether the Pkc1-MAPK cascade play a role under oxidative stress. The bifunctional transcription factor Skn7 might be also involved in the Rho1-mediated oxidative stress response (ALBERTS et al. 1998) . Further investigation will be required to fully understand the mechanism by which Rho1 regulates the oxidative stress response.
In this study, we found that Rho1 is necessary for survival under oxidative stress. In contrast, Rho5 is necessary for cell death under excessive oxidative stress (SINGH et al. 2008) .
Thus, despite the similar structure of these Rho GTPases, Rho1 and Rho5 seem to play opposite roles under oxidative stress. Cells may use an alternative program to promote either survival or death depending on the level of stress or cellular damage. It remains uncertain how cell fate is determined under different levels of oxidative stress. Although the details of the mechanism remain unknown, our findings suggest that Rho1 may regulate Ycf1 to get rid of heavy metals or other xenobiotics from the cytoplasm, and thus help yeast cells recover from oxidative stress.
Because both Rho1 and Ycf1 belong to highly conserved families of proteins, Rho GTPases might also be involved in regulation of an ABC transporter in mammals. A. Five-fold serial dilutions (from left to right, starting from OD 600 = 2) of wild-type (NY2284), ycf1Δ (HPY1738), rho1-5 (NY2287), rho1-2 (NY2285) and rho1-3 (NY2286)
strains, all of which are in the isogenic background, were grown on SC or SC plate containing 30
µM CdCl 2 at room temperature for 4 d (-) or 7 d (+30 µM CdCl 2 ).
B. Five-fold serial dilutions (from left to right, starting from OD 600 = 1) of wild type (BY4741) and isogenic deletion mutants of vacuolar transporters (ycf1Δ, ybt1Δ and bpt1Δ) were treated with 2 mM H 2 O 2 or mock-treated, spotted on SC plates, and incubated at 30°C for 2 d.
C. Five-fold serial dilutions (from left to right, starting from OD 600 = 1) of wild type (NY2284), ycf1Δ (HPY1738), rho1-5 (NY2287) and rho1-5 ycf1Δ (HPY1739) were treated as in Figure 9B .
